Abstract. Atmospheric aerosol particles influence global climate as well as impair air quality through their effects on atmospheric visibility and human health. Ultrafine (<100 nm) particles often dominate aerosol numbers, and nucleation of atmospheric vapors is an important source of these particles. To have climatic relevance, however, the freshly nucleated particles need to grow in size. We combine observations from two continental sites (Egbert, Canada and Hyytiälä, Finland) to show that condensation of organic vapors is a crucial factor governing the lifetimes and climatic importance of the smallest atmospheric particles. We model the observed ultrafine aerosol growth with a simplified scheme approximating the condensing species as a mixture of effectively non-volatile and semi-volatile species, demonstrate that state-of-the-art organic gas-particle partitioning models fail to reproduce the observations, and propose a modeling approach that is consistent with the measurements. We find that roughly half of the mass of the condensing mass needs to be distributed proportional to the aerosol surface area (thus implying that the condensation is governed by gas-phase concentration rather than the equilibrium vapour pressure) to explain the observed aerosol growth. We demonstrate the Correspondence to: I. Riipinen (ilona.riipinen@helsinki.fi) large sensitivity of predicted number concentrations of cloud condensation nuclei (CCN) to these interactions between organic vapors and the smallest atmospheric nanoparticleshighlighting the need for representing this process in global climate models.
Introduction
Aerosol particles impact the climate by scattering and absorbing solar radiation, as well as acting as cloud condensation nuclei (CCN) and regulating the properties of clouds (Rosenfeld et al., 2008; Clement et al., 2009) . Aerosols are also among the main pollutants deteriorating air quality (Nel, 2005) . According to the Intergovernmental Panel on Climate Change, aerosols have been the most important atmospheric cooling component in the industrial period, but the predictions of aerosol impacts are the largest individual source of uncertainty in climate models (IPCC, 2007) . To constrain the effects of aerosols on climate and air quality, the processes governing their concentrations need to be represented accurately in large-scale models.
A significant fraction (20-90%) of sub-micrometer atmospheric particulate matter consists of organic compounds ). The sources, sinks and chemistry of organic aerosol (OA) are still uncertain because of the large Fig. 1 . Organic emissions and the dynamic processes governing the climatic importance of ultrafine aerosol. Condensable vapors are produced upon oxidation of volatile organic compounds (VOCs) and can (1) nucleate to form new small particles; (2) grow freshly formed particles to larger sizes and increase their probability to serve as CCN; (3) condense on the background aerosol (>100 nm) and enhance the loss of ultrafine particles. Primary organic aerosol (POA) contributes to the large end of the aerosol size distribution, enhancing the scavenging of the ultrafine particles.
number of different atmospheric organic molecules (Goldstein and Galbally, 2007) . Accurately representing OA in atmospheric models is one of the key requirements for understanding the climate effects of aerosols. Consequently, OA has been the subject of numerous studies during the last decade (Hallquist et al., 2009 ). Significant improvements in the predictions of OA mass have been achieved (Murphy and Pandis, 2009 ), one of the major developments being the representation of OA as a mixture of semi-volatile components that move between condensed and gas phases (Odum et al., 1996; Donahue et al., 2006) . It is not well known, however, how organics affect the size distribution of ultrafine particles -which usually dominate atmospheric aerosol number concentrations. This information is crucial in determining the effect of organics on CCN numbers: the size of an aerosol particle is among the main factors governing its climatic effect (Dusek et al., 2006) , as only particles with diameters larger than about 30 to 100 nm can act as CCN. If a significant amount of the organic mass condenses on ultrafine aerosol, more of these particles reach climatically relevant sizes; increasing global CCN concentrations. If organics condense preferentially on D p > 100 nm particles, they enhance the scavenging of ultrafine particles, reducing CCN (see Fig. 1 for a schematic).
Nucleation occurs in various environments around the world (Kulmala et al., 2004) , and is an important source of aerosol. Sulfuric acid is a key component in particle formation processes (Sipilä et al., 2010) , and nucleation rates can be predicted relatively well based on ambient sulfuric acid concentrations (Spracklen et al., 2010) . The lifetimes of these particles, however, depend on the competition between their condensational growth and coagulational scavenging (Kerminen and Kulmala, 2002) . Thus both nucleation rates and condensational growth of ultrafine particles must be accurately represented in large-scale atmospheric models. The contribution of organics to the total condensational flux onto ultrafine particles must be quantified to achieve this goal. The same material that grows the freshly-nucleated particles also naturally condenses on the primary ultrafine particles.
The driving force for condensation/evaporation to/from an aerosol particle is the difference between the ambient vapor partial pressure and the equilibrium vapor pressure over the particle surface. The dynamics of the resulting mass transfer are governed by the laws of diffusion and gas kinetic theory. Laboratory observations of aerosol growth can be reproduced accurately with mass and heat transfer models -if the properties, particularly the saturation pressures, of the vapors are known (Vesala et al., 1997) . Unfortunately only a fraction of atmospheric organic molecules have been identified and information on their thermodynamic properties is scarce.
To model organic condensation, most large-scale models either (1) apply partitioning theory (Pankow, 1994) , assuming that organic vapors equilibrate instantaneously with the aerosol by absorption into organic mass; or, (2) assume that OA is non-volatile and that the vapors condense kinetically onto the aerosol surface area (Spracklen et al., 2010) . Partitioning theory accounts for different volatilities of OA, treating their mixing thermodynamics as well as changes in organic volatility due to photochemical aging. If instantaneous equilibration is assumed, however, the size-dependent kinetics of condensation is neglected. Consequently the organics are predicted to be absorbed onto the large end of the particle size spectrum. Treating the organic vapors as completely non-volatile, on the other hand, only accounts for the kinetics, neglecting their thermodynamic properties. To our knowledge, there is currently no large-scale modeling approach that accounts for both (1) the condensation and reevaporation of organics and (2) the size-dependent kinetics of the mass transfer.
We combine observations from Hyytiälä, Finland, and Egbert, ON, Canada with an aerosol dynamic model to quantify the contribution of organics to ultrafine particle growth. We develop a modeling approach that approximates the effects of condensation kinetics and bulk equilibration for atmospheric organics, and reproduces both the total OA mass and the observed ultrafine particle growth. We use these results in global chemical transport model GEOS-Chem to demonstrate the importance of capturing the organic contribution to ultrafine particle growth for global aerosol number and CCN predictions. million in the metropolitan area) and measurements made at this site are used by Environment Canada to represent background continental air in various monitoring networks. The air at this site is influenced by biogenic emissions from mixed forests when it originates from the north as well as anthropogenic emissions from the industrialised parts of southern Ontario and the United States when it originates from the south. The two days of data used in this study represent air transported from the north. Further information about this study can be found in Slowik et al. (2010) .
Aerosol number size distribution measurements at Egbert
At Egbert, the ambient aerosol number size distribution was measured with commercial Scanning Mobility Particle Sizer (SMPS) system. Two SMPS's were used in this study: a nano-SMPS (TSI, 3080, 3085, 3025A) measured particle size distributions from 3-60 nm, and a standard SMPS (TSI 3071, 3081, 3010) measured size distributions from 10-420 nm. The sample flows of the nano-and standard systems were 1.5 and 1 l min −1 , respectively, while the sheath flows were 15 and 6 l min −1 , respectively. Both of these systems sampled approximately 5.5 m above ground from an intake manifold consisting of a PVC pipe lined with aluminium tape to reduce electrostatic deposition. The SMPS's sampled from the centre axis of this pipe and the particles had a total residence time of approximately 1 min.
Aerosol particle chemical composition measurements at Egbert using the Aerosol Mass Spectrometer (AMS)
A time-of-flight aerosol mass spectrometer (C-ToF-AMS, Aerodyne Research, Inc., Billerica, MA, USA) was deployed at the Egbert site from 14 May to 15 June 2007. The AMS yields size-resolved mass spectra of the non-refractory submicron particles, where non-refractory refers to the component that is vaporizable at ∼600 • C and 10 −7 torr. Detailed descriptions of AMS operating principles are found elsewhere (Drewnik et al., 2006; Canagaratna et al., 2007) , while operation of the AMS in the present study is discussed by Slowik et al. (2010) . Briefly, particles are sampled through a 100 µm critical orifice and focused into a narrow beam by an aerodynamic lens. Particles impact on a resistively heated surface (600 • C), are ionized by electron impact (70 eV) and detected by time-of-flight mass spectrometry. Quantitative AMS measurements of mass concentrations are complicated by uncertainties in instrument collection efficiency, primarily caused by particle bounce off the vaporizer surface. At the Egbert site, an optical scattering module was used to obtain a light scattering pulse for every particle impacting the vaporizer having a geometric diameter greater than ∼215 nm (Cross et al., 2007) with these pulses used to trigger the saving of single particle mass spectra (Cross et al., 2009 ). The bounce collection efficiency can thus be calculated as the fraction of optical pulses having a correlated non-zero mass spectrum. A value of 0.6 was obtained at Egbert and assumed to hold across the entire size range.
Measurements at the SMEAR II station in Hyytiälä, Finland
The 
Aerosol number size distribution measurements in Hyytiälä
The neutral and charged aerosol particle size distributions used in this study have been measured in Hyytiälä using three different instruments: the Differential Mobility Particle Sizer (DMPS), the Balanced Scanning Mobility Analyzer (BSMA) and the Air Ion Spectrometer (AIS). Continuous particle size distribution measurements in the 3-1000 nm sub-micron size range have been carried out with a Differential Mobility Particle Sizer (DMPS) system since January 1996 at the SMEAR II. The setup in Hyytiälä is a twin-DMPS, consisting of two separate DMPS systems: the first DMPS measures particles starting from 3 nm (applying a TSI 3025 Condensation Particle Counter, CPC), and the second from 10 nm (with a TSI 3010 CPC). Currently, the aerosol sample is collected from 8 m above ground level through a 8.5-m-long tube with an inner diameter of 10 cm and a flow velocity of 236 l min −1 . The sample is conducted to the DMPS system from the center of this tube through a 35-cm-long secondary tube with 6 mm inner diameter. The sample flows further in the two Differential Mobility Analyzers (DMAs) are 1 l min −1 and 4 l min −1 . For a detailed description of the DMPS setup applied in Hyytiälä, we direct the reader to Aalto et al. (2001) .
The BSMA (Tammet, 2006) is an instrument capable of measuring mobility distributions of small air ions and naturally charged nanoparticles (intermediate ions) of both negative and positive polarity. The mobility range of the BSMA is 3.2 to 0.032 cm 2 V −1 s −1 , which corresponds to a mobility diameter range of 0.8 to 7.6 nm (see Ehn et al., 2011) . The BSMA consists of two plain aspiration condensers, one for each polarity, and a common electrical amplifier connected to a balanced bridge circuit. Size segregation is obtained by varying the electric field via a discharge of a capacitor through the repelling electrode and monitoring the electrometer current in the balanced bridge circuit. In a normal measurement cycle the BSMA measures the mobility distributions of negative and positive ions, and the offset in an alternating manner. The data is averaged over 10 min. A more detailed description of the instrument can be found in a paper by Tammet (2006) and examples of its atmospheric applications in a study by Hirsikko et al. (2007) . The BSMA has been running continuously in Hyytiälä since 2003.
The AIS ) (Airel Ltd., Estonia) measures mobility distributions of both negative and positive air ions in the range from 3.16 to 0.00133 cm 2 V −1 s −1 . This corresponds to a diameter range of approximately 0.8 to 40 nm. In essence, the AIS consists of two cylindrical Differential Mobility Analyzers (DMAs) equipped with insulated electrometer rings. Sampled ions are collected on the electrometer rings in 21 electrical mobility fractions simultaneously for both polarities. The AIS has been running continuously in Hyytiälä since 2003.
Aerosol chemical characterization in Hyytiälä using the AMS and the V-DMPS systems
The C-TOF Aerosol Mass Spectrometer was deployed in Hyytiälä during the EUCAARI (European integrated project for Cloud-Aerosol-Air QualityInteractions, Kulmala et al., 2009 ) campaign between 7 April and 7 May 2007. The collection efficiency was determined to be 0.4 based on a comparison with concurrent DMPS measurements.
A volatility-DMPS (V-DMPS) was running in parallel with the basic DMPS in Hyytiälä in March and April 2007. The two instruments had the same size range (3-1000 nm) and time resolution (10 min), and took the sample air through a common inlet. The V-DMPS comprised of a heating tube and a twin-DMPS. The heating tube was an approximately 0.5 m long stainless steel tubing (o.d. 10 mm) heated to 280 • C. The flow rate through the tube was 5 l min −1 , which gave the particles a residence time of approximately 0.5 s in the heated section. The data was corrected according to experimentally determined particle losses in the tube due to diffusion and thermophoresis . After heating, the aerosol was neutralized using a Ni 63 beta source. The first DMPS was optimized for particles between 3-40 nm and the second for particles between 15-1000 nm. The size classification was done with Hauke type DMAs and the particle counting with butanol CPCs (TSI 3025 and 3010).
Gas phase sulfuric acid concentration measurements and proxy calculations in Hyytiälä
Gas phase sulfuric acid concentrations were measured with a Chemical Ionization Mass Spectrometer CIMS. The sulfuric acid measurements were part of the EUCAARI project between 24 March and 28 June 2007. Further details are given in Petäjä et al. (2009) . To extend the measured sulfuric acid data set for the full period of years 2003-2007, we calculated proxy concentrations for sulfuric acid. This proxy concentration is calculated as the ratio between the source and sink terms:
Here the source term is approximated by the product of SO 2 concentration [SO 2 ] and global radiation (GlobRad), and the sink term (CS) is condensation onto pre-existing aerosol particles. The scaling coefficient k is based on the comparison of the proxy concentrations to the available measured sulfuric acid concentrations .
3 Atmospheric data analysis 3.1 Analysis of the diameter growth rates (GR) and the condensational mass fluxes to nucleation mode particles from particle size distribution data
For the EUCAARI campaign in Hyytiälä and the Egbert measurement campaign, daily values for diameter growth rates (GR) of freshly-nucleated particles were determined from the DMPS and SMPS size distribution data by following the evolution of the geometric mean diameter of the nucleation mode, as described by Dal Maso et al. (2005) .
Corresponding mass fluxes to nucleation mode particles were estimated from the GR values using the median nucleation mode number concentrations during particle formation events, and an average particle density of 1500 kg m −3 . The EUCAARI campaign data were also analysed for momentary (time resolution of 10 min) diameter growth rates and mass fluxes by taking the running mean of geometric mean diameter change over 50 min for each size distribution measurement.
For the combined DMPS, BSMA and AIS data sets collected in Hyytiälä during [2003] [2004] [2005] [2006] [2007] , seasonal distributions of size-dependent GRs were determined with the method used by Hirsikko et al. (2005) . To obtain the growth rates of particles in three size ranges, the GR analysis was done separately for size ranges 1.5-3 nm, 3-7 nm and 7-20 nm. The smallest size range is not used for DMPS data and the largest size range is not used for BSMA data due to the detection limits of these instruments.
The contribution of ambient sulfuric acid to the nucleation mode growth rates
From the measured sulfuric acid concentration we can calculate the particle growth rate related to sulfuric acid condensation. Particle growth rate due to collision limited condensation of sulfuric acid is calculated according to the expression (Nieminen et al., 2010) :
Here m v , d v and ρ v are the mass, diameter and liquid-phase density of the vapor molecule, respectively, C v is the concentration, and m p and d p are the particle mass and diameter. The contribution of sulfuric acid to particle growth is then obtained as the ratio between the growth rate calculated by Eq. (2) and the observed particle growth rate.
Model calculations

Aerosol microphysics box model
To determine how the growth of ultrafine particles depends on the condensational behavior of SOA, we used a box-model version of the TwO-Moment Aerosol Sectional (TOMAS) microphysics algorithm (Adams and Seinfeld, 2002) driven by measurements at Hyytiälä and Egbert on particle formation event days. The model simulates the number of particles and mass of aerosol sulfate and aerosol organics within 36 lognormally spaced size bins between 3 nm and 10 µm. The modeled size distribution was initialized based on the measured size distribution just prior to the start of the nucleation event. The time-dependent new-particle formation rates at 3-nm were specified to the model based on the measurement data (Dal Maso et al., 2005) . Time-dependent sulfuric-acid condensation onto the aerosol particles was specified in the Hyytiälä simulations using the measured concentrations of sulfuric acid. For the Egbert data, the time-dependent sulfuric-acid condensation was specified using the change in aerosol-sulfate mass measured by the AMS. The secondary organic aerosol (SOA) mass formation rate for both sites in the model was specified by the change in organic aerosol mass measured by the AMSs. Coagulation between particles is calculated online in TOMAS.
The new SOA was assumed to be a combination of effectively non-volatile species (where the SOA mass condenses kinetically onto the Fuchs-corrected surface area) and semi-volatile species (where the SOA mass instantaneously reaches thermodynamic equilibrium and partitions into the pre-existing mass). For the effectively non-volatile species case, the condensation of new SOA into each particle size bin i was determined by
where M SOA is the total mass of SOA, t is time, D p is the particle diameter, f is the correction factor for particles outside of the kinetic size regime, N is the number concentration, Kn is the particle Knudsen number, α m is the mass accommodation coefficient, and f LV is the fraction of new SOA that is of low volatility. A mass accommodation coefficient of unity was always used in these cases. For the semi-volatile species, the condensation of new SOA into each particle size bin i was determined by
Thus, the total OA mass is distributed evenly to the preexisting aerosol mass. As stated earlier, the total organic mass flux to the aerosol, dM SOA,total /dt, was determined from the AMS measurements. The fraction of this effectively non-volatile vs. semi-volatile organic aerosol was varied to match the measured growth rates and the final diameter of the secondary aerosols. There were several important assumptions we made for this analysis: (1) the change in AMS-measured aerosol mass of sulfate or organics represents the total change in aerosol mass of those species. The AMS measures between about 40 nm to 1 µm, so we assume that condensation onto these sizes represents the dominant portion of the condensing mass; (2) the air mass is relatively homogeneous throughout the 10 h of the simulation; (3) the entrainment of free-tropospheric air into the boundary layer is negligible; (4) the semi-volatile aerosol equilibrates between the gas and aerosol phase instantaneously. In reality, there is a finite time for this to occur and it depends on the evaporation timescale for the SOA, which in turn depends on its volatility. We do not anticipate that these assumptions would change the major conclusion that semi-volatile SOA that instantaneously reaches thermodynamic equilibrium and partitions to preexisting mass cannot explain nanoparticle growth observed on these nucleation days.
Global chemical transport model Geos-Chem
Global modelling of the sensitivity of CCN to the SOA condensational behavior was done using the chemical-transport model GEOS-CHEM (Bey et al., 2001 ) with the online size-resolved aerosol microphysics module TOMAS (Adams and Seinfeld, 2002; Trivitayanurak et al., 2008; Pierce and Adams, 2009) . The model simulates aerosols and gases in the atmosphere with 4 × 5 degree horizontal resolution and 30 vertical layers extending from the surface to 0.01 hPa. The aerosol size distribution is calculated across 40 lognormally spaced size sections spanning 1 nm to 10 µm. Within each size section, TOMAS predicts the number of particles and the mass of 7 aerosol species (sulfate, sea-salt, hydrophilic organics, hydrophobic organics, internally mixed black carbon, externally mixed black carbon and dust). The aerosol size distribution is shaped by new-particle formation, condensation of sulfate and organic vapors, coagulation of particles, aqueous-phase chemistry, wet deposition and dry deposition. New-particle formation rates were calculated in the boundary layer using semi-empirical nucleation parameterization where nucleation rate depends linearly on sulfuric acid concentration (Sihto et al., 2006 ) with a pre-factor of 2×10 −6 cm −3 s −1 (Spracklen et al., 2006) and in the free troposphere using parameterization of classical nucleation theory for sulfuric acid and water nucleation (Vehkamäki et al., 2002) . 10% of biogenic terpenes are assumed to form SOA in these model simulations. This corresponds to an annual SOA formation rate of 18 Tg yr −1 . Upon SOA formation, the new SOA is assumed to be a combination of low-volatility species (where the SOA mass condenses onto the Fuchs-corrected surface area) and semi-volatile species (where the SOA mass partitions into the pre-existing mass). The amount of semivolatile organics in the aerosol phase does not depend on the OA mass. This assumption allows us to keep the amount of organic aerosol formed in the model constant between simulations where the fraction of effectively non-volatile versus semi-volatile SOA is varied. There are large uncertainties in the emissions of SOA precursor gases in all atmospheric models (see e.g. Hallquist et al., 2006) . Many models, including the version of GEOS-CHEM used here, do not include anthropogenic-and marine-SOA-precursor emissions as well as multi-generational aging of SOA. Furthermore, the sources of biogenic SOA are still quite uncertain. Further work is necessary to determine if SOA formed from other precursor gases also has a high fraction of low-volatility species and a similar ability to grow ultrafine particles. Figure 2a shows the measured evolution of aerosol particle size distribution during a nucleation and growth event in Hyytiälä, Finland. In the morning new particles start to appear, growing by condensation. The diameter growth rate (GR) of the nucleation mode and the corresponding mass flux are shown in Fig. 2b and c, along with the maximum GR and mass flux corresponding to the ambient sulfuric acid concentrations. Sulfuric acid can only explain a small fraction of the particle growth: the rest is due to other compounds, presumably organics. The same behavior was observed in all 38 Hyytiälä events analyzed (Table 1) .
Nucleation mode growth and organic condensation
The monthly median GRs and mass fluxes to nucleation mode particles for [2003] [2004] [2005] [2006] [2007] in Hyytiälä are shown in Fig. 3 . The GRs of 3-20 nm particles have a seasonal dependence, peaking in the summer when the emissions of biogenic organics and their photochemical oxidation are maximal. This reinforces our conclusion that organics govern the growth of small particles to climatically relevant sizes. The growth is enhanced as the particles get larger, and GRs explained by sulfuric acid condensation are consistently lower and show a different seasonal pattern as compared with the observations. Ambient sulfuric acid concentrations could explain on average 7% (9), 3% (5), and 2% (4) of the GRs (mass fluxes) of 1-3, 3-7 and 7-20 nm particles. For comparison, the total aerosol mass concentration and the fraction of organic, nitrate and sulfate aerosol as recorded with the AMS during spring 2007 in Hyytiälä are presented in Fig. 4 . The total organic aerosol mass fluxes to >20 nm particles as calculated from the AMS data ranged from 0.02-0.2 µg m −3 h −1 for spring 2007 in Hyytiälä. The mass required to grow the nucleation mode particles is thus usually less than 10 % of the total condensing OA mass. We analyzed 5 particle formation event days observed in Hyytiälä and 2 in Egbert in more detail with the box model simulating the evolution of the aerosol size distribution (see Sect. 4.1). Particle growth was modeled by letting a fraction (representative of effectively non-volatile organics) of the total organic mass flux condense kinetically to the aerosol surface area ("kinetic" fraction), while the rest of the OA (representative of semi-volatile organics) was distributed according to the pre-existing OA mass ("thermodynamic" absorptive fraction).
The evolution of the measured and modeled aerosol size distribution for Hyytiälä on 15 April 2007 is shown in Fig. 5 . When SOA is assumed to be semi-volatile and partitions entirely to the pre-existing mass (top right panel), the newly formed particles do not grow to the measured sizes. However, when 50%-100% (bottom panels) of the organic aerosol is assumed to be effectively non-volatile on this day, we have better predictions of the growth of these particles. The result thus implies the growth to be limited by the gas phase concentrations of the condensing species rather than their equilibrium vapour pressures. Snapshots of the observed and modeled number and mass size distributions during particle growth on the same day are presented in Fig. 6 . On this day, 50%-50% division between "thermodynamic" (absorptive) and "kinetic" organics yielded the best agreement between observed and modeled particle growth. The choice of the condensation scheme has a significant impact on the predicted number size distribution, the mass-based partitioning ("thermodynamic model") performing clearly worst. The bottom panel of Fig. 6 depicts the size-dependent composition of freshly-formed aerosol particles during their growth on 15 April 2007. If half of the OA mass is assumed to condense by kinetic collisions to the surface area, the nucleation mode (D p < 30 nm) aerosol is predicted to consist of almost solely of this low-volatility organic component.
The comparison between the measured and the modeled particle growth rates and mass fluxes to the nucleation mode with varying fraction of the SOA condensing onto the surface area are presented in Fig. 7 . The division of the SOA to the "kinetic" and the "thermodynamic" absorptive fractions corresponding to the best fits between measurements and model calculations are given in Table 2 . Over all the analyzed days, 20-50% of the total OA mass flux needed to be distributed to the particle surface area to explain the observed growth.
Discussion and global implications
The results on the important role of organics in ultrafine aerosol growth are complemented by a number of observations. Allan et al. (2006) reported that >40 nm particles from particle formation events in Hyytiälä during spring 2003 consisted principally of organics. Water-uptake measurements suggest organic contribution even in particles as small as The black curve corresponds to observations, the blue to the case where only sulfuric acid condenses on the aerosol surface area and the organics are distributed in the pre-existing aerosol mass ("Thermodynamic model"), the red and gray to the cases where 50% (best fit, "Hybrid model") or 100% ("Kinetic model") of the total organic flux was distributed to the aerosol surface area. The pie charts indicate the simulated aerosol composition at the time of maximum concentration in 3-10, 10-30, 30-100 and >100 nm particles corresponding for the Hybrid model (50%). "Background" refers to the initial particle size distribution obtained from the DMPS data where the size-dependent composition was unknown.
2-4 nm Riipinen et al., 2009) . Kuang et al. (2010) reported the contribution of sulfuric acid to the nucleation-mode particle GR to be less than 10% at various continental sites. Jimenez et al. (2009) divided oxidized OA to semi-and low-volatility components (SV-OOA and LV-OOA) -typical mass ratio between the two in Hyytiälä being about 50%-50%. The thermodynamically (absorptively) partitioning and kinetically condensing organics defined in this study are thus probably connected to these SV-and LV-OOA components, LV-OOA being of particular importance in ultrafine aerosol growth. Our results are also in line with a recent global modeling study by Yu (2011) , who also found that a significant contribution of low-volatility organics is needed to explain atmospheric growth rates. Organics may participate in atmospheric nucleation as well (O'Dowd et al., 2002; Metzger et al., 2010) .
There are indications that nucleation-mode particles contain material that seems to be of very low volatility -at least after heating (e.g. . The V-DMPS data collected from Hyytiälä are consistent with these observations: Table 2. The particle formation events analyzed in detail with the aerosol dynamics box model, along with the particle growth rates determined from the observational data and the simulated evolution of the freshly-formed nucleation mode corresponding to the best fit between the observations and the modeled growth. Table 2 ). The color scale depicts the fraction of total OA mass flux that was distributed on aerosol surface area in each of the simulations. on all nucleation event days in Hyytiälä the growing nucleation mode contained material that did not evaporate at 280 • C (see Fig. 8 for an example). Examples of potential formation mechanisms of these low-volatility compounds are reactions between amines and organic acids (Barsanti et al., 2009) or polymerization in the particles (Kalberer et al., 2004) . It is also possible that this apparent non-volatility is due to mass-transfer limitations in solid or amorphous particles (Virtanen et al., 2010) . Our results suggest that thermodynamic equilibrium approaches are insufficient for modeling organic contribution to atmospheric particle numbers: the kinetics of the masstransfer need to be considered as well. To develop a processlevel understanding of the ultrafine aerosol growth, future work is needed to investigate (1) the equilibrium vapor pressures of the nucleation-mode constituents; (2) the processes forming these compounds in the atmosphere; (3) their kinetics in both gas and particulate phases. (Fig. 10) . Figure 9 displays the change in global number concentrations of aerosol particles, if 50% of the secondary OA mass is directed to the particle surface area, as compared with the simulation where all of it is partitioned to the pre-existing organic mass. For the concentrations of particles larger than 40-80 nm, increases over 25% are seen for extensive regions, suggesting similar effects on the CCN concentrations. This effect is comparable to estimates on the overall impact of nucleation on global particle number concentrations (Merikanto et al., 2009 ) and the resulting effect on the total-sky atmospheric radiative forcing due to the first indirect aerosols effect can be well over 1 Wm −2 in areas with frequent stratus cloud cover (Seinfeld and Pandis, 2006, Eq. 24.43) . The globally averaged change in the number of particles larger than 3 nm, 10 nm, 40 nm and 80 nm are 1.2%, 2.8%, 8.8% and 6.6%, respectively. The impact of the enhanced growth is similar but less pronounced in March 2001 (Fig. 10) . For March, the globally averaged change in the number of particles larger than 3 nm, 10 nm, 40 nm and 80 nm are −1.0%, 1.9%, 6.2% and 5.2%. The comparison between the fully kinetic condensation approach and the 50%-50% division is presented in Fig. 11 . In this case, the globally averaged change in the number of particles larger than 3 nm, 10 nm, 40 nm and 80 nm are −1.6%, 0.0%, 3.9% and 4.4%. When particle number concentrations are considered, the fully kinetic condensation approach and the 50%-50% division result in similar predictions than the 50%-50% results and the thermodynamic absorptive equilibrium approach. It is known, however, that particularly with anthropogenic organic matter the assumption of completely non-volatile material is likely to result in incorrect predictions (Robinson et al., 2007) .
Organics account for a major fraction of the growth of ultrafine particles. Based on atmospheric data on particle GRs, we have developed a semi-empirical approach to model this growth. We have demonstrated that neglecting the organic condensation onto ultrafine aerosol can result in significant under-predictions of CCN-sized aerosol numbers. More global measurements concentrating on ultrafine particle growth, along with studies developing a mechanistic understanding of both the kinetics and the thermodynamics of atmospheric condensation are necessary to reliably constrain the impact of OA on climate.
